I. INTRODUCTION
The Cu 2 S/CdS thin film solar cell is a prime contender for future terrestrial photovoltaic applications due to its relatively high efficiency, -9%, and projected low cost. However, a modified form of this cell, in which a ternary alloy ZnxCdl_xS is substituted for CdS, has resulted in an even higher efficiency due primarily to an enhanced open circuit voltage Voc' 1 Using a band model for the heterojunction in which the open circuit voltage is controlled by interface state recombination, 2 Voc can be increased by reducing both the electron affinity mismatch and lattic mismatch at the heterojunction interface. Matching the electron affinities increases the barrier height for reverse current, and decreasing the lattice mismatch reduces the density of localized interface states. Increased open circuit voltages have in fact been reported for Cu 2 S/Zn x Cd l _ x S photocells 3 -5 with Voc as high as 0.78 V for chemiplated (an aqueous cation exchange process)6 Cu 2 S layers on polycrystalline Zno.55 Cd o . 45 S films. 5 The theoretical maximum Voc value for a Cu 2 S/(Zn,Cd)S cell is about 0.8 eV. However, while V DC is increased by substituting (Zn,Cd)S for CdS, the short circuit current density generally decreases resulting in an overall decrease in the cell conversion efficiency.
One mechanism that has been proposed for the reduced current in chemiplated Cu 2 S/(Zn,Cd)S photocells is excess Zn at the Cu 2 S/(Zn,CdlS interface 7 • 8 resulting in an interfacial potential energy spike. Since the collection efficiency for electrons generated in the Cu 2 S layer is determined in part by their mobility in the Znx Cd l _ x S substrate and by the electric field at the edge of the depletion layer which lies almost entirely in Znx Cd l _ x S, the interfacial chemistry is crucial. In this paper, we present results which show that the interface between chemimplated Cu 2 S films on both polycrystalline and single crystal (Zn,Cd)S substrates is compositionally graded over distances of the order of tens to hundreds of nanometers and contains excess Zn, with respect to the average bulk Zn/Cd ratio, in the form of both elemental Zn and the compound ZnS.
II. EXPERIMENTAL PROCEDURE
Atomic absorption spectroscopy (AASl combined with controlled chemical etching and Auger electron spectroscopy (AES) profiling with ion beam etching were used to obtain composition versus depth analyses in Cu 2 S/(Zn,CdlS photocells. The (Zn,Cd)S substrates were either polycrystalline layers or single-crystal wafers. The n-type polycrystalline (Zn,CdlS films were deposited by thermal evaporation onto zinc-plated copper foil substrates.
9 For ZnS mole fractions between 0.10 and 0.20, film resistivities ranged from I to 50 {} cm. Further details concerning the (Zn,CdlS film deposition are contained in Ref. 9. Undoped n-type bulk singlecrystal CdS and (Zn,Cd)S substrates were purchased commercially.
The Cu 2 S layers were grown on CdS and (Zn,CdlS using the chemiplating technique developed by Shiozawa et al. 6 An aqueous ion exchange bath containing 6 gil ofCuCI and 2 gil of NaCI with a pH of -3 was maintained at 98°C, the same conditions used to produce operating photovoltaic devices. The ideal overall exchange reaction during film growth is
The reaction products CdCl 2 and ZnCl 2 go into solution as solid Cu 2 S is formed. Figure I is a schematic diagram of the overall process. The reaction rate depends on the tempera- ture, cuprous ion concentration in the solution, and grain structure and morphology of the Znx Cd 1 _ x S substrate or underlayer. In addition, differences between the solid solubility limits and the diffusion rates of Zn and Cd in Cu 2 S may playa role, especially for thick films. In the present experiments, the initial film growth rate R was -2 pm/min on CdS, but R decreased with increasing Zn content on ZnxCd1_xS substrates as observed previously.4,9 Cu 2 S growth was terminated by removing the sample from the plating bath and rinsing it in distilled water.
AAS measurements were carried out using a commercial flame spectrophotometer. For these analyses the samples were first etched in a 0,1 M KCN solution to remove Cu 2 S and then in a 10:90 by volume HCI:H 2 0 solution to remove Znx Cd 1 _ x S. The concentrations of Cu, Zn, and Cd taken up in solution were then determined by atomic absorption at the following wavelengths: Cu (324.8 nm), Zn (213.9 nm), and Cd (228.2 nm). Quantitative results were obtained by comparison to standard solutions. Successive analyses using controlled etches provided composition versus depth information.
AES depth profiling was carried out in an ultra-high vacuum scanning Auger microprobe. Table I shows the Auger elemental peaks monitored. An Ar+ ion beam operated at accelerating potentials between 0.4 and 1 ke V was used for sputter etching. The primary electron beam current and ac- celerating potential were 1pA and 5 keY, respectively, and the modulation voltage was 6 V.
III. EXPERIMENTAL RESULTS
The (Zn,Cd)S single-crystal substrates were prepared by cleaving and were thus oriented (0001). The polycrystalline CdS and (Zn,Cd)S underlayers were 30 pm thick, and scanning electron microscopy of the etched surface as well as of fracture cross sections showed that the films were columnar in structure with average grain sizes of 3 pm, Figure 2 shows a typical cross section from a CdS film, The (Zn,Cd)S layers were found to exhibit a strong (0002) preferred orientation as determined by x-ray diffraction (XRD). The copper sulfide overlayers were typically 0.5 to 1pm thick, although layers -6pm thick were grown. XRD and lattice constant analysis showed that all copper sulfide films, whether grown on single-crystal or polycrystalline substrates, were polycrystalline and primarily a-chalcocite in the orthorhombic structure. A partial Cu-S phase diagram, shown in Fig,3,10 indicates that chalcocite is CU 2 _ x S where x is < 0.005. The average grain size of the Cu 2 S films ranged from 2 to 4pm with an (004) preferred orientation indicating a tendency for topotactic growth as the sulfur sub lattice remained intact across the interface.
OJ. + L.C. Fig. 4 , show that a Zn-rich layer was formed at the heterojunction interface during the growth of CU2S, Furthermore, the amount of excess Zn was found to depend on the thickness of the Cu 2 S overlayer. Figure 5 shows the Zn/Cd ratio measured after 1 min of etching from ZOo.os Cdo.92 S underlayers upon which had been grown Cu 2 S films of different thickness. Although the data contains considerable scatter, it is clear that the amount of Zn accumulation at the heterojunction interface increased with the Cu 2 S overlayer thickness.
AES analyses of CU2S/polycrystalline Znx Cd l _ x S heterojunctions agreed with the AAS results. Figure 6 (a) shows a compositional depth profile of a ZOo.2 Cd o . s S film from 
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[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP: 0. 8r----.-----.,---..,..----- Znx Cd l _ x S layers were also obtained. In this case, singlecrystal (Zn,Cd)S substrates were used to reduce both the broadening of the heterojunction due to incursion of CU2S down grain boundaries, and the anisotropy in Cu 2 S formation rate that is characteristic of the rougher polycrystalline substrates. In all cases, regardless of the substrate Zn/Cd ratio, a compositionally graded junction at the Cu 2 S/Zn x Cd l _ x S interface was observed.
Figure 7(a) shows an Auger depth profile through a Cu 2 S film on a single-crystal ZOo.s Cdo.s S substrate. The film had a nominal thickness of 1.0 /-lm as determined from growth rate calibration curves using partially masked substrates. Sputter etching through the Cu 2 S side of the interfacial region was carried out using a rastered Ar+ ion beam with a current density J i of 1.5 X 10 14 ions cm -2 sec -I at an acceleration energy Ei of 0.5 keY. J i and Ei were increased
. ""., FIG. 7(a) . Auger electron spectroscopy depth profile through a ~ [-,urn thick chemiplated Cu 2 S film grown on a single-crystal ZIIo., Cdc" S substrate. to 1.9 X 10 14 ions cm -2 sec-I and 1.0 keY, respectively, near the (Zn,Cd)S side ofthe graded junction. Oxygen and carbon from air exposure and residual chlorine from the plating bath were observed at the sample surface. However, these signals decreased rapidly upon sputter etching and were no longer detectable after -4 min of etching. Zn and Cd were also observed at the surface as well as throughout the bulk of all CU2S samples investigated, and the Zn/Cd ratio was always larger than that of the substrate. The Cu 2 S/(Zn,Cd)S interfacial region extended over several tens to a few hundred nanometers, depending on film thickness, with very large excess Zn accumulations, as shown in Fig. 7(a) . Figure  7 (b) shows a Cu 2 S/CdS depth profile for comparison. The width of the interfacial region was considerably narrower even though the actual Cu 2 S film thickness was approximately the same as that shown in Fig. 7(a) . In both cases, Cu penetrated deeply into the substrate indicating nonuniform film growth rates even across single-crystal substrate surfaces.
IV. DISCUSSION
Chemiplated Cu 2 S/(Zn,Cd)S heterojunctions were compositionally graded over very wide regions with measurable Zn and Cd concentrations observed throughout the Cu 2 S layers. In all cases, the film growth rate R on either polycrystalline CdS or (Zn,Cd)S substrates was found, for a given substrate composition, to be approximately constant with time. This indicates that for films with thicknesses on the order of a few micrometers or less, the overall kinetic rate limitation to Cu 2 S growth by chemiplating was provided by the interface reaction rate rather than by cation diffusion through the growing film or ion transport through the solution. A diffusion rate limitation would have resulted in a parabolic relationship between film thickness and growth time rather than the linear relationship observed. In addition, the plating bath during film growth was saturated with cuprous ions at a density of -10 19 cm -3, while the average growth rates only required _10 17 Cu + ions per sec per cm 2 of substrate, a rate which was easily supplied in the agitated solution.
Optical and scanning electron microscopy observations of as-deposited Cu 2 S/(Zn,Cd)S cells showed distinct topographical features indicating nonuniform film growth rates R over the substrate surface area. In the case of polycrystalline substrates, this was due in part to differences in R with grain orientation. A similar effect occured with the cleaved single-crystal substrates due to multiple facet planes. 12 In addition, the diffusion rate of both reactants and products was more rapid down Cu 2 S grain boundaries, giving rise to further lateral inhomogeneities.
AAS and AES depth profiling results from CU 2 S1
(Zn,Cd)S cells demonstrated that Zn and Cd were distributed throughout the entire Cu 2 S layer. Figure 7(a) , typical of a series of AES profiles, shows that immediately below the bulk Cu 2 S layer, the Cu concentration decreased rapidly as the Zn concentration increased with no corresponding increase in Cd. The S intensity remained essentially constant over this region. An analysis of elemental intensities compared to bulk standards indicated that zinc was present on the Cu 2 S side of the graded junction as both elemental Zn and in the form of ZnS. Deeper into the interfacial region, the Cd signal began to increase with a correspondingly more rapid increase in S. The rate of change of all signals increased near the substrate end of the interface.
The above results can be explained by considering both reaction rates during the ion exchange process and the relative out-diffusion rates of Zn and Cd in Cu 2 S. The exothermic free energies of formation of CdS and ZnS during the ion exchange process are 1.4 and 0.55 eV Imolecule, respectively.17 Thus the rate of the exchange reaction leading to the formation of CdCl 2 will be much faster than that ofZnCl 2 , in agreement with observations that R decreased with increasing ZnS concentrations in the substrate, resulting in a net excess of ZnS in the interfacial region. The additional accumulation of metallic Zn near the bulk Cu 2 S overlayer, which is consistent with the decreased short circuit currents in Cu 2 S/(Zn,Cd)S cells, indicates that the Zn diffusion rate through CU2S is slower than that of Cd. The combination of excess Zn and ZnS in tum gave rise to the formation of much wider interfacial layers in these cells than in comparable Cu 2 S/CdS solar cells.
Excess Zn and Cd remaining in the CU2S, and accumulation of Zn and ZnS near the Cu 2 S/ZnCdS interface can adversely effect cell response by means of several mechanisms:
(1) On the Cu 2 S surface, the metals appear mainly as oxides and sulfates, with Zn present primarily as ZnO. 13 Modifications of surface recombination velocities and surface electric fields caused by these species could reduce minority carrier collection.
(2) Excess Zn and ZnS near the junction would result in a potential energy spike in the heterojunction band structure and decrease the photogenerated current. 8. 14 (3) Unreacted metals in the Cu 2 S (Zn in particular) would decrease conduction electron lifetimes and diffusion lengths.
(4) The electron mobility in Znx Cd l _ x S near the junction would be reduced, 15 thus increasing the fraction of photogenerated electrons lost to interface recombination. 16
